1C, red; Fabrizio et al., 1998). In addition, we observed
CB and WB with AO in spermatids undergoing individualization suggests that the apoptotic program is actithat lamin Dm 0 leaves the vicinity of the nucleus and translocates as a component of the IC and thus can vated in the late stages of sperm differentiation, and that CB and WB resemble apoptotic corpses without also be a useful marker of the IC ( Figures 1D-1G, green) . The IC is assembled at the nuclear end of the cyst and nuclei. subsequently translocates caudally along the entire length of the spermatid bundle, expelling most of the Activation of an Effector Caspase at the Onset of Spermatid Individualization cytoplasm in the process. The discarded cytoplasm accumulates in a membrane-enclosed structure, termed A key feature of apoptosis is the activation of caspases. To investigate whether Drosophila effector caspases the waste bag (WB; Figures 1A, 1G, and 1I; Tokuyasu et al., 1972) . The WBs eventually undergo fragmentation become activated during the individualization process, testis preparations were stained with the CM1 antibody. and subsequent degradation ( Figure 1J) .
To investigate the possible occurrence of apoptosis CM1 was raised against the active form of mammalian caspase 3 but also crossreacts with the caspase-3-like during Drosophila sperm differentiation, we stained live wild-type testes with the vital dye acridine orange (AO), Figures 1H and 1I) . The staining of the Figure 3A ). This suggests drICE became detectable immediately after a mature IC was formed (Figures 2A and 2B ). During the caudal that caspase activity is required for the efficient collection of cytoplasm into the CBs. Furthermore, the translotranslocation of the IC, active drICE became completely depleted from the newly individualized portion of the cation of the ICs appeared to be defective in the absence of caspase activity. In controls, only a few early ICs were spermatids. The staining remained abundant, however, in the preindividualized portion of the spermatids, with associated with the nuclear complexes because the IC translocates caudally in the process of spermatid differthe highest levels within the CB (Figures 2B, 2C , and 2E). At the end of this process, the newly formed WBs entiation ( Figure 3C ). In contrast, in the presence of a caspase inhibitor, most of the ICs remained in the vicincontained high levels of active drICE ( Figures 2D and  2F ). These observations indicate that caspase activation ity of the nuclei ( Figure 3D ), indicative of a defect in IC translocation. Therefore, caspase activity appears to be and apoptosis-like events are intimately associated with the terminal differentiation of spermatids in Drosophila.
required for proper IC movement and the removal of bulk cytoplasm from differentiating spermatids. In order to extend these observations to spermatoCaspase Activity Is Required for Spermatid Individualization genesis in vivo, we expressed the baculoviral broadspectrum caspase inhibitor p35 (Hay et al., 1994) in male In order to examine whether caspase activation is necessary for spermatid differentiation, we inhibited casgonads using the GAL4-UAS system (Brand and Perrimon, 1993). Transgenic flies were generated that carry pase activity both in cultured testes and in vivo. Under in vitro culture conditions, each cyst accomplishes indithe GAL4 gene fused downstream of the Drosophila Hsp83 promoter, which directs strong expression in the vidualization within 12 hr (Noguchi and Miller, 2003 Figure 4A ), and often are not detected at all (arrows in Figure 4A ; Fabrizio et al., 1998). However, active caspases are clearly detected in elongated spermatids that lack the IC, suggesting that the activation of caspases at the onset of individualization is independent of IC assembly. In jaguar (jar 1 ) male flies, IC assembly and movement are impaired due to a mutation in a class VI myosin (Hicks et al., 1999). Interestingly, in jar 1 flies, active drICE could only be detected in mature cysts, which contain needleshaped and condensed nuclei ( Figure 4B) . Therefore, the completion of spermatid morphogenesis rather than the assembly of a functional IC triggers drICE activation. To test whether caspase activation is dependent on the completion of nuclear morphogenesis, we examined testes of fuzzy onions (fzo) mutant flies. fzo flies are defective in the process of mitochondrial fusion during spermatogenesis (Hales and Fuller, 1997), and hence they arrest at mid-spermatid elongation stage. Active drICE accumulated in several immature elongating spermatid cysts containing undifferentiated nuclei ( Figure  4C ). Thus, we conclude that drICE activation is indepen- not shown and Figure 5D ). Interestingly, a significant proportion of cellular Dronc and drICE appears to localize near the mitochondria (Dorstyn et al., 2002). These 5B). To investigate whether the Drosophila Apaf-1 homolog hac-1/dark/dapaf is expressed during spermatoobservations suggest that Drosophila apoptosomes may form at the surface of mitochondria. However, the genesis, we examined the ␤-galactosidase distribution and 7F), even though bln 1 testes contained elongated cyt-c-p. Because cyt-c-p has no apparent function in caspase activation/apoptosis but is expressed at much spermatids with an intact IC and with the characteristic needle-shaped nuclei that are typical for advanced higher levels than cyt-c-d, this may explain the previous difficulties in detecting cytochrome c release during stages of spermatid differentiation (arrowheads in Figure 7D) . Furthermore, whereas in wild-type the IC transapoptosis in Drosophila. Alternatively, it is possible that cytochrome c is only required for caspase activation locates caudally (arrows in Figures 7A and 7C We also examined 11 other mutants that displayed 7D). Very similar observations were made for the other allelic combinations. EP 2305 and EP 2049 homozygotes severe defects in individualization, and all of them had intense CM1 staining (see, for example, the hephaestus showed some occasional CM1 staining and more progressed ICs, but all allelic combinations were male-stermutant in Figure 7E ). These results demonstrate that the lack of CM1 staining is not simply the consequence ile, although we observed some occasional escapers in EP 2049 Ϫ/Ϫ and EP
2305
/EP 2049 flies (data not shown). All P of defective individualization, but rather reflects a specific requirement of the "minor" cytochrome c protein element revertants that we generated were fertile and had normal CM1 staining and individualization, demonin Drosophila. Therefore, we conclude that cyt-c-d is required for caspase activation and for the subsequent strating that the phenotypes reported here are caused by the transposon insertions into the cyt-c-d locus.
IC translocation during spermatid individualization. Finally, we stained testes with the mAB2G8 anti-cytochrome c antibody (Varkey et al., 1999). As previously

Role of dBruce during Sperm Terminal Differentiation
Effector caspases, such as drICE, normally cleave a reported for apoptotic cells, we saw increased mAB2G8 immunoreactivity in elongated spermatids of both wildvariety of nuclear targets and thereby destroy the nucleus and chromosomal DNA (Hengartner, 2000) . Theretype and bln 1 mutants (Figures 7G and 7H) . We attribute this to the expression of the major cytochrome c, fore, somehow the sperm nucleus must be protected nificantly, these mutants were defective in drICE activaare poorly understood. In this study, we provide evition and failed to exclude the bulk cytoplasm, producing dence that the elimination of the cytoplasm during terminal differentiation of elongated spermatids involves an phenotypes virtually identical to the ones resulting from the application/expression of caspase inhibitors. This the cytoplasmic compartment that will be eliminated. One plausible mechanism for locally restricting drICE provides compelling evidence for a role of the cyt-c-d gene for caspase activation during spermatogenesis in activation may be the local release of the "minor" cytochrome c from mitochondria, which are known to unDrosophila. Interestingly, it was previously suggested that only cyt-c-p, but not cyt-c-d, functions in respiration dergo dramatic morphological changes only in the postindividualized portion of the cyst (Fuller, 1993). (Inoue et al., 1986) . Consistent with an essential role of cyt-c-p in respiration, a P element insertion into this locus resulted in recessive lethality (data not shown).
Similarities between Drosophila and Mammalian Likewise, targeted gene inactivation of the murine cytoSperm Differentiation chrome c gene causes very early embryonic lethality, Terminal differentiation of sperm shares many morphoand this has precluded functional studies on the role logical and biochemical features with apoptosis. Howof cytochrome c for caspase activation during normal ever, rather than causing the death of the entire cell, development in mammals (Li et al., 2000) . We propose in this case apoptotic proteins are used to specifically that the two cytochrome c genes in Drosophila fulfill eliminate cytoplasmic components, thereby producing distinct functions in respiration (cyt-c-p) and casa highly specialized living cell. Interestingly, a similar pase activation/apoptosis (cyt-c-d). Previous arguphenomenon is observed in mammals. As in Drosophila, ments against a role of cytochrome c for caspase activaintracellular bridges between spermatids and the bulk tion in Drosophila were largely based on the failure to of the spermatid cytoplasm need to be eliminated during detect release of cytochrome c from mitochondria. Howmammalian spermatogenesis. In mammals, the cytoever, because cyt-c-d is expressed at much lower levels plasm collects in the residual body (RB), which is functhan cyt-c-p ( Figure 6B ter functions in programmed cell death. Genes Dev. 9, 1694-1708.
